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Despite the fact that chemists frequently draw electron density distributions, there are few good methods for
measuring this quantity, which has contributed to many longstanding controversies in chemistry. In this
paper, we report the first application of element specific L absorption spectra and the “white light” sum rule
to a series of nickel complexes, with wide oxidation state range fronmtd\Ni'V. Nickel L edge X-ray
absorption spectroscopy is turning out to be an excellent quantitative probe of 3d-vacancies.

Introduction total number of empty states with the proper symmétryor

K edges, which involve a 1s initial state, the final states have
p symmetry. Edge integration has thus been used to quantify
the number of oxygen p-type holes in high Tc supercon-
ductorg*-26 and transition metal oxide’s. For L, 3 edges that
have an initial p level, the transitions are primarily to states of
d symmetry, since the 2p~ 4s transitions are~20-fold
weaker?8 L edge intensities have been used to quantify charge
transfer in platinur?® or iridium catalysts®in superconductor®,

and in blue copper proteirf$. We report here the first integrated

L edge measurements for a series of Ni complexes in different
oxidation states.

Ni L, 3 edges involve resonances or “white lines” that are 2p
— 3d transitions, along with much weaker 2p4s transitions,
multielectron features, and 2p> continuum transition&?
Transition metal white lines were first observed by Cauchois
and Bonnelle about 40 years afé* but the advent of high-
brightness synchrotron radiation souesnd high-resolution
beamline optic® has revolutionized spectroscopy in this region.
The positions, branching ratio, and multiplet splittings of Ni L
edge spectra have already been used to characterize battery
materials’’38 coordination complexe¥, 4! and enzyme$!-42
However, apart from Ni metdf the integrated intensity of these
ransitions has been ignored.

The distribution of electron density in inorganic complexes
determines their chemical and physical properties. Difficulty
in quantitatively measuring electron density distributions has
contributed to many longstanding controversies, such as the
oxidation states of Fe in oxyhemoglobin and catalase, of Cu in
cytochrome oxidase, or of Mn in the oxygen-evolving com-
plex12 The best description of the Ni oxidation state in various
materials is also frequently debated. This has been true for the
doped system kNi;1—xO,,2 for Ni with noninnocent ligands such
as dithiolened,and for the assignments of EPR signals, and
hence oxidation states, of Ni in the NFe hydrogenasées’
There is also interest in the electronic structure of high-valent
nickel specie§;1® some of which may be intermediates in
catalytic oxidationd#15and Ni-mediated site specific cleavage
of DNA by coordination compound& 18 or metalloproteing®2°

There are surprisingly few methods for directly measuring
electron density distributions, and most techniques that purport
to do so are based on empirical correlations. In some cases
electron density distributions can be measured with very high
accuracy diffraction data; X-ray studies of 4f electron density
in CeB?! and 3d density in Ni(NB)4(NO,),?% are recent
examples. Spin density distributions are also recoverable from
magnetic resonance measurements. However, in most cased
diffraction techniques cannot provide sufficient accuracy for ] ]
determining electron distributions to within a fraction of an EXxperimental Section

electron, and many solid-state problems are not amenable to Na[Ni"“S,"] %3 and [Ni*N,"JCFsSOs* and their Ni counter-

magnetic resonance studies. parts were prepared according to the cited literature proce-

_ In X-ray spectroscopy there is a sum rule stating that the g, 164344 described by Riordan and co-workers. The abbre-
integrated intensity for a particular absorption edge reflects the | ;24 “Ng" represents 1,4,8,11-tetraazacyclotetradecane and

“S4" represents bis(diphenylbis((methylthio)methyl)borate).

:Eﬂi\"/‘ghrgir& %?rg;ﬁgprﬂgngeasgould be addressed. [Ni"“LS1"](ClO 4), was prepared in the Brooker 14b.“L.S1”

Lawrence Berkeley National I_'aboratory. represents the macrocyclic ligand derived frorr 2 condensa-

ﬁUn_ivers_ity of Delaware. tion of 2,6-diformyl-4-methyl-thiophenolate and 1,3-diamino-

“University of Otago. propane. NiF, and KsNi''F¢*6 were prepared in the Bartlett
Carnegie Mellon University. SN A " 4 o .

® Argonne National Laboratory. lab. L|[N|_ ( mac )]_, where _(c mac ) is peralkylgted( )

© University of California, Berkeley. macrocyclic polyanionic chelating ligand= 13,13-diethyl-
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2,2,5,5,7,7,10,10-octamethyl-3,6,9,12,14-pentaoxo-1,4,8,11-tet-
raazacyclotetradecane, was synthesized in the Collins lab i
according to literature procedursKNi'V1Os was prepared in
the Melendres lal® Finely powdered compounds were spread
across and pressed onto a piece of Teflon tape, which was
attached to the sample holder by a double-stick tape.
Absolute cross sections in the soft X-ray region are difficult
to measure. For transmission measurements the proper thicknes:
is only a few thousand angstroms, and homogeneous samples
are difficult to prepare. The spectra were therefore recorded in
electron yield modé?
L edge spectra were measured using the UC/LLNL beamline | |

LBEE o NS BEn BEn Sen e B e e pun aan |

8-2051at the Stanford Synchrotron Radiation Lab (with.6@
slits, corresponding to 0.8 eV energy resolution at 853 eV). The
total electron yield from model complexel:) was measured

using a Galileo 4716 channeltron electron multiplier; the incident 10
beam intensity Ig) was measured as the photocurrent through Ni N =
a gold-plated grid to obtain the raw spectidlp). The sample I e ferorsinpid s _..LI

chamber was maintained at a vacuum of 20~° Torr or better,
enabling windowless operation between the storage ring, sample,
and detector. Spectra were calibrated using #edak position

of NiF,, with the absorption maximum assigned arbitrarily as
852.7 eV. The spectra are reproducible to 0.1 eV, although
the absolute calibration may not be correct.

The basic L edge data processing involved subtraction of a |
baseline for blank sample and the normalization of the spectra || [ |
to achieve a continuum intensity of unity and to study the
integrated L intensities on the same scale. Theahd L,

o, e —
integrated intensities were then obtained by integration over Ni""' | "‘.__m,-' N I_
851-858 and 868-875 eV, respectively. The spectra analysis o T T ok e S L [
. . . . - e 3 a3 3 8 & & 31 3. 1 1 i i
also includes subtraction of a polynomial function representing 355 e s v 75 e

the non L edge (nonresonant) absorption background to get pure
resonance (flat) spectra. The&nd L, centroids were obtained
from these spectra.

Energy (eV)

Figure 1. Comparison of normalized L edges absorption spectra
of Ni complexes. From top to bottom: (1) Na[k8,] (green)
and Na[Ni“N4"] (red); 2) [Ni"xLS1"] (blue), Ni"F, (red), and
Ni"“S,” (green); (3) Li[Ni" («*-mac*)] (blue) and KNi'"'Fg (red); (4)
KNi'V10s (red).

Results and Discussion

In Figure 1, we present spectra for Ni in different oxidation
states, from Nito NiV. Ni'“S,” and Ni“N4" have 3d
configurations and should have relatively small 2p 3d number of d holes in the current set of compounds can thus
resonance transition when normalized to the nonresonant 2p  obtained, and the absolute number of holes has been included
outgoing d wave continuum transitions, as is indeed observedas an alternate scale for the ordinate in Figure 2 (right axis).
in Figure 1. As the oxidation state increases, fror tdi Ni" Since different band structure calculations differ§.2 in the
to Ni'V, the number of d holes increases; hence, the L edge number of hole§* the calculated values have an error on the
resonance intensity should also increase. This is indeedorder of 15-20%, and when-10% experimental errors are also
observed, most dramatically for KNIOg (Figure 1). considered, this intensity-to-3d holes conversion ratio (8.66) and

The qualitative trend for L edge intensities to increase with thus the alternate right axis can have an uncertainty of about
Ni oxidation states is not a surprise. However, it is gratifying 25%.
to see that the integrated values agree quantitatively with the We find that the predicted number of holes in our set of
expected number of holes. Since absolute cross sections argompounds is, on average, 79% of the value implied by blind
difficult to obtain in this region, we have normalized the spectra application of the formal oxidation state. In the current data
by assuming that the average cross section per Ni is invariantset, the closest approach to the 100% ionic value was for K
at about 950 eV. As shown in Figure 2, with spectra normalized NiFg, with 2.8 holes from the X-ray data vs 3.0 for a puré'Ni
in this fashion, there is an almost linear dependence of integrated3d” configuration. The greatest deviation from the purely ionic
white line intensity on Ni oxidation state. value was for Ni‘'S,”, with 65% of the 1.0 hole predicted for

To put our measurements on an absolute scale, we need eitheBd® Ni'. As expected, the S donor complexes had lower ionicity
() a standard material for which the number of holes is than complexes with more electronegative N, O, or F ligands.
accurately known or (b) a theoretical spectrum calculation of As a quantitative measure of the number 3of doles on a
the normalized edge area for a sample with a fixed number of transition metal, this method should be broadly applicable to a
holes. At the moment, only the former is available.”I8Btbas number of issues in inorganic chemistry.
reported and analyzed the Ni metal as L edge spectfdfn. Of course, there is considerably more information in the
Using our procedure, we find a normalized white line intensity spectra than just the integrated intensity. The centroid energies,
of 13.1 for this spectrum. Given the band structure value of branching ratios, and multiplet structure are all sensitive to
~1.5 for the number of hole®;> we find that a normalized electronic structuré? As shown in Figure 3, the energies of
area of 8.66 corresponds to one hole by our method. Thethe Ni2p— 3d centroids shift to higher energy with increasing
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Figure 2. Integrated intensity of the L edge resonance, normalized to 1% =
the nonresonance absorption background, as a function of formal s '_—'ﬁ?i 1
oxidation state (1, Il, Ill, IV). The dotted green line represents our best . L . | . i
estimate for the purely ionic limit, using an 8.66:1 intensity-to-3d holes  g5(} AR5 Al BG5 B70 E7S

i . e
conversion ratio (where Nié-mac*) is Li[Ni(k*-mac*)]. Energy (€V)
oxidation state. In many cases, measurement of the L edgeFigure 3. Expanded L edge multiplets (solid lines) along withand
position will suffice for oxidation-state assignments. However, L centroids (vertical bars with letters) for Ni complexes. From top to
shifts in the position of these peaks correspond to energy bottom: (1) KNIVIOs (red, H); (2) KNi"'F6 (red, G) and Li[Ni'-
changes in the final state energies, while the integrated transition("mac?)] (blue, F); (3) Na[NI"S] (green, E), NIF, (red, D) and
intensity is a ground-state proper83* Therefore, L edge [Ni"2".S17] (blue, C); (4) Na[NI"S4] (green, B) and Na[NIN ] (red,
integration is a more quantitative and direct measure of d shell "

vacancies in the ground state. Also, the ligand field splittings ¢ [Ni,“S1"](ClO 4)2. We are grateful to Dr. J. Sho for the Ni
of the d orbitals, and the multiplets of the Ni L edge, are eta) spectrum as well as valuable discussions, and we thank
sensitive to bond lengths, molecular geometry, and spin state.prot T. D. P. Stack and his student Y. Wang for the permit

Analysis of the details of the fine structure needs to utilize ligand 5,4 assistance in use of his laboratory during our work at SSRL.

field multiplet theory and configuration interaction and the ggr| is supported by the Department of Energy, Office of Basic
calculations will be reported elsewhere. Energy Sciences.
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